Objectives. To determine the lung cancer screening yield and stages in a unionsponsored low-dose computerized tomography scan program for nuclear weapons workers with diverse ages, smoking histories, and occupations.
A n ongoing challenge is identifying optimal populations for low-dose chest computerized tomography (CT) scan for the early detection of lung cancer. [1] [2] [3] [4] The National Lung Screening Trial (NLST) demonstrated that screening based on age and smoking reduces lung cancer mortality but does not address other lung cancer risk factors such as family history, chronic lung diseases, and occupational exposures, let alone a broader range of ages and smoking histories. 5 Published risk-prediction models, 2, 3, 6 online lung cancer-risk calculators, and professional organizations 7, 8 address additional lung cancer risk factors, but empirical studies that support their use are limited.
Exposures to occupational lung carcinogens such as asbestos, diesel exhaust, and silica are important, because they are common, may act synergistically with tobacco to raise lung cancer risk, and occur among blue-collar populations with the highest prevalence of cigarette smoking. [9] [10] [11] Uncertainties about the magnitude of occupation-related lung cancer risk, however, complicate decisionmaking about eligibility for screening. 6, 12 Another unsettled question is whether the benefits of low-dose CT screening, heretofore demonstrated principally at large tertiary care medical centers, could be replicated in community-based screening. 5 We examined the feasibility and screening yield of low-dose CT scanning for the detection of early-stage lung cancers among a large population of former nuclear weapons production, testing, and research workers, principally in nonurban settings in 5 states in the United States. In doing so, we included screening participants with a broad range of age and smoking histories to compare lung cancer screening results among population subsets with different combinations of age, smoking, and occupational risk.
METHODS
In 2000, we initiated low-dose CT scan screening as part of an ongoing voluntary union-sponsored multisite occupational medicine screening program for former US Department of Energy (DOE) workers at 3 DOE sites in 3 states and later expanded it to 9 DOE sites in 5 states. Participating DOE facilities included gaseous diffusion plants in Paducah 
Lung Cancer Risk Factor Data
Occupational, smoking, and medical histories were obtained by self-administered questionnaire as part of the ongoing occupational medicine screening program and updated by telephone interview. Current smoking was defined as a positive response to "Do you smoke cigarettes now?" Never smoking was defined as a negative response to the following question: "Have you smoked more than 100 cigarettes (5 packs) during your entire life?" Chest x-rays (postero-anterior and lateral) were obtained in the occupational medicine screening program for 89.2% (6415/7189) of participants and were interpreted by a National Institute for Occupational Safety and Health-certified B reader, using the International Labor Organization classification system to identify the presence of asbestosrelated parenchymal and pleural fibrosis.
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The beryllium lymphocyte proliferation test was performed by an expert laboratory (National Jewish Health, Denver, Colorado; Oak Ridge Associated Universities, Oak Ridge, Tennessee).
Occupational information included job titles, departments, and years worked, and a checklist of workplace exposures. No radiation dosimetry results were available, and no characterization of a history of radiation exposure of participants was feasible. Quantitative data on chemical and dust exposure at the plants were sparse over the relevant decades (1940s-1980s 14 Individuals who had more than 1 job category during their DOE tenure were assigned to the category with the presumed higher exposure category if they worked in that category at least 5 years. A priori, maintenance workers were considered likely to have the highest exposures, followed by operations or production supervision workers. The remaining categories were considered equivalent in terms of exposures for the purposes of assigning a single job category to individuals who worked in multiple job categories over their careers.
Currently smoking participants were given a brochure on smoking cessation and the telephone numbers of local and national smoking quit lines.
Eligibility Criteria
Eligibility criteria included age, smoking history, occupational category, chest x-ray evidence of asbestos-related parenchymal or pleural fibrosis, and positive beryllium lymphocyte proliferation test; criteria were modified somewhat over the 2000-to-2013 program period. This report details results on eligible workers aged 50 years or older who had smoked for 1 year or longer. Individuals were deemed ineligible if their spirometry showed a forced expiratory volume in 1 second (FEV 1 ) of less than 1 liter or FEV 1 less than 40% predicted (making them unlikely candidates for surgery), or if they had been treated for cancer within the past 5 years, excluding early prostate and bladder cancer, melanoma, and other skin cancers.
Scan Characteristics
The CT scans were obtained through the use of 2 dedicated mobile scanners (93%) or, beginning in 2012, at 2 imaging facilities in Las Vegas and Idaho Falls (7% We selected kilovolt peak, tube current, pitch, and other scanner parameters to produce a CT dose index for a standard-sized patient, which was within the guidelines for low-dose chest CT scan (1.5-2.3 mGy). The average estimated effective dose across all scanners was 1 millisieverts (range = 0.8-1.2 mSv).
Of 16 229 scans, 90% (14 674) were interpreted by a single senior academic thoracic radiologist (J. M.), and the remaining scans were read by experienced radiologists in DOE communities.
Scan Interpretation and Follow-Up
The CT reading and follow-up accorded with the International Early Lung Cancer Action Program protocol, including modifications, 2000 to 2011. 15 Participants with CT-evident nodules suspicious for lung cancer (or other urgent findings) were referred to personal or local pulmonary physicians for follow-up. We provided follow-up of CT-detected indeterminate nodules with low-dose CT scans at 3, 6, or additional months to monitor nodule changes.
Baseline CT scans and follow-up scans of indeterminate nodules were offered beginning in 2000. One-time annual CT scans were offered at 1 year (range = 10-18 months) following the baseline scan to program participants beginning in 2002.
A lung cancer first identified as an indeterminate nodule on the baseline or annual CT scan, but only diagnosed after subsequent CT-detected nodule growth was considered a baseline or annual CT scan-detected lung cancer.
Individuals with nodules suspicious for lung cancer received diagnostic evaluations and treatment from their personal physicians. Medical and pathology records were obtained on individuals who underwent biopsy or surgery. Stage of cancer was determined from surgical findings, when performed.
Statistical Analysis
We examined the occurrence of lung cancer by relevant risk factors, using c 2 analyses. We conducted Cochran-Armitage tests for linear trends for age, pack-years, and 
RESULTS
Between 2000 and 2013, 7189 individuals, mostly White (93%), male (88%), and of mean age 65 years (SD = 9.4), received a baseline low-dose chest CT scan. Only 20.4% (1468) of screened participants currently smoked. Mean cigarette consumption among all current and former smokers was 29 (SD = 23.3) pack-years. Mean time since quitting for former smokers was 25 (SD = 14.1) years; 75% had quit at least 15 years previously. Maintenance was the most common occupational category (n = 3224; 44.8%) among participants. Among the 6415 participants who had plain chest films before the CT scans, 10.9% (n = 700) had chest x-ray evidence of asbestos-related fibrosis.
The 1-time annual scan was initiated in 2002; it was offered to all participants beginning in August 2006. Of the 3759 participants who were first screened during or after August 2006, 83% (3110 participants) returned for an annual scan within 10 to 18 months after the baseline scan. Table 1 shows the occurrence of screendetected lung cancers, or screening yield, on the baseline and annual scans for the 7189 participants, aged 50 years or older, who had ever smoked. The lung cancer screening yield was 0.83% among 7189 baseline participants and 0.53% among 3760 participants on annual scan. Lung cancer occurrence on baseline scan increased with advancing age (P < .01), current smoking (P < .01), greater pack-years (P < .01), and fewer years since quitting (P < .01). A similar pattern was seen on the annual scans, though smaller numbers limited statistical power.
Screening Yield by Lung Cancer Risk Factor
Age. The screening yield was highest among participants aged 70 years or older: 1.5% had a lung cancer detected on baseline scan. Six of the 9 cancers among participants aged 80 years or older were stage I. Smoking. Current smokers had a screening yield 3 to 5 times higher than former smokers on baseline and annual scans, respectively (Table 1) . Participants who smoked 20 to 29 pack-years experienced a similar baseline yield of lung cancer compared with people with a 30 to 39 pack-year history (Table 1) . Lung cancer yield decreased with increasing number of years since smoking cessation. Occupational exposure. Logistic regression analysis showed no significant differences in lung cancer yield among different occupational categories after adjustment for age and smoking (Table A , available as a supplement to the online version of this article at http:// www.ajph.org). X-ray evidence of asbestosrelated fibrosis was associated with an increase in lung cancer screening yield, though without statistical significance (Table 1) . Workers with a single or double abnormal beryllium lymphocyte proliferation test did not have an increased lung cancer screening yield (Table 1) .
Stage and Cell Type of Screen-Detected Cancers
Primary lung cancer was detected in 80 participants, including 60 on baseline and 20 cancers on annual scan. Of cancers detected on baseline and annual scan, 57% and 65% were stage I (1 was carcinoma in situ), respectively (Table 2) . Of cancers detected on baseline and annual scans, 12% and 5% were stage II, respectively. One half of the cancers were adenocarcinomas, and one quarter were squamous cell carcinomas.
The median time from CT scan that demonstrated a suspicious lesion and subsequent date of lung cancer diagnosis was 61.5 days.
Comparison of Screening Eligibility Criteria
We examined the screening yield of program participant subsets who met the eligibility criteria of the NLST study (age 55-74 years; ‡ 30 pack-years; £ 15 years since quitting) or the Group 2 recommended criteria of the National Comprehensive Cancer Network (NCCN; age ‡ 50 years; ‡ 20 pack-years; no time limit since quitting; and worked in maintenance, operations or production supervision, or laboratory; Table 3 and Figure 1 ). Only 20.5% of the study population met the NLST criteria, and they were similar to the NLST study population in age, current smoking prevalence, and mean pack-years (Table 3) . Their baseline and Source. Travis et al. 16 annual screening yields were statistically similar to those of the NLST study population (1.5% vs 1.03% at baseline scan and 1.2% vs 0.68% at annual scan in the current study vs NLST study, respectively; Figure 1 ). An additional 27.5% of the current study population met the NCCN Group 2 criteria. Their screening yields were also similar to those of the original NLST study population at baseline scan and at annual scan (Table 3, Figure 1 ). For the 3739 (52.0%) participants in the current study who met neither the NLST nor NCCN Group 2 criteria, their lung cancer screening yields were significantly lower than lung cancer screening yields on baseline and annual scans compared with the original NLST study population. This group had fewer mean smoking pack-years (15 pack-years) and longer mean time since smoking cessation (30 years) than the groups that met the eligibility criteria of the NLST or the NCCN Group 2 (Table 3) .
DISCUSSION
At present, low-dose CT scan screening for lung cancer is recommended by the US Preventive Services Task Force  18 and covered  by medical insurance 19 only for people who meet certain age and smoking criteria in the United States. Current study results lend empirical support for the use of expanded age and smoking criteria for lung cancer screening as recommended in the Group 2 guidelines of the NCCN in an occupational population with variable exposure to workplace lung carcinogens. When we applied those criteria, the lung cancer screening yields in the current study were similar, subject to statistical uncertainty, to the screening yields of NLST. In addition, one third of detected lung cancer (24/69; 30.3%) occurred among people who had quit smoking at least 15 years previously, which would have been undetected if NLST criteria alone had been used. Our results were similar to those obtained at the Lahey Clinic 20 and support an enhanced risk-based approach. 3, 4 This study also demonstrated that CT-based lung cancer screening of bluecollar workers in nonmetropolitan areas is well-accepted and highly feasible. The NLST was completed at 33 sites in the United States, 31 of which were in major metropolitan areas or at tertiary care medical centers affiliated with medical schools. The NLST population also had a higher education level than the US population as a whole. 17 The current study was addressed to a workforce that lived almost entirely in rural areas and had less education on average than the population of the NLST study. Thus, success in recruitment and compliance in our study population was untested in the NLST study. Four of 5 (83%) current study participants returned for their 1-time annual low-dose CT scan. Mobile CT scanners were initially used in 2000, because local radiology facilities were unfamiliar with low-dose CT technique. We centralized CT scan reading to a single experienced thoracic radiologist, which may limit the generalizability of our findings. However, the success of NLST permitted a transition to the use of local radiology facilities, where expertise in low-dose CT has rapidly grown. Diligent and prompt communication between the screening program and local providers in the 9 study communities facilitated timely follow-up.
The lung cancer screening yields were somewhat higher among participants with nonmalignant asbestos-related fibrosis of the pleura and parenchyma than the screening yields of the original NLST study populations, though without statistical significance. These markers of a past history of significant exposure to asbestos are easily identified for use in determining screening eligibility. We did not reliably identify a history of asbestos exposure in the study population other than the presence of radiographic fibrosis and cannot comment on screening yield according to a history of asbestos exposure alone. It is well known that a history of asbestos exposure in the absence of fibrosis increases lung cancer risk 10 and should be used as a risk factor in determining eligibility for lung cancer screening.
Study results show that participants who do not meet the NLST criteria or the NCCN Group 2 criteria, despite a history of work in the nuclear weapons complex, have a lung cancer screening yield that is approximately one third of that of the NLST study. There is no evidence at present that links low-dose CT screening at that lowered level of risk with reduced lung cancer mortality.
The lung cancer stage distribution of the current study was quite similar to that of the NLST results despite differences in study populations, health care settings, and lung cancer risk factor profiles. On baseline CT scans in the NLST, 62% of lung cancers detected were stage I cancers versus 57% in the current study.
Most lung cancer screening guidelines do not recommend screening of individuals aged 80 years or older. Of smokers aged 80 years or older who were in good health, we detected lung cancer on the baseline scan in 1 of every 66 participants. Two thirds of these cancers were stage I. Mean life expectancy at age 80 years in the United States in 2011 was 9.1 years. 21 Our findings are based on small numbers, and the issue needs to be the subject of further study.
Study strengths include a large, novel study population; excellent credibility with the study population through labor union cosponsorship; implementation in community settings; high study compliance; excellent follow-up; and use of a protocol with demonstrated quality (International Early Lung Cancer Action Program protocol). Limitations include the lack of specific knowledge about occupational exposures, lack of data on mortality follow-up, and limited statistical power because of the relative infrequency of lung cancer, even in a sizable study population. In addition, our use of a study population that was nonrandomly selected limits inferences about a larger population of DOE workers. Generalizability is also limited by the dominance of men in the study cohort. In conclusion, our study results provide evidence that occupation can be used in combination with age and smoking to identify populations that provide a similar screening yield and lung cancer stage distribution as was demonstrated in the landmark NLST study. Furthermore, we have demonstrated the utility of low-dose CT scan screening for a bluecollar population in nonmetropolitan settings that are not routinely served by tertiary care medical centers. This study is ongoing and should yield additional useful information with additional person-time experience and lung cancer cases detected.
